Abstract Stearoyl-CoA desaturase 1 (SCD1) is an essential regulator of fatty acid synthesis. We have previously shown that overexpression of SCD1 increases the growth of breast cancer cell lines. The purpose of this study was to determine the relationship between SCD1 expression level and clinicalpathologic characteristics and survival of patients with breast cancer. Fine-needle aspirates were collected from the primary tumors of 250 patients with stage I-III breast cancer. Demographic and clinical characteristics including patient age, ethnicity, and menopausal status and tumor clinical stage, grade, and subtype were reviewed. SCD1 expression was analyzed using reverse-phase protein arrays. Samples were divided into high or low SCD1 expression levels based on a cut-off determined from martingale residual plots and regression tree analysis. SCD1 levels were significantly higher in tumors from patients [50-years old compared to patients B50-years old and were lower in triple-negative (estrogen/ progesterone receptor-negative and human epidermal growth factor receptor-2-negative) breast cancers than other tumor subtypes. After adjusting for patient age, tumor subtype, tumor grade, and clinical stage, we found that patients with primary breast cancers expressing high SCD1 levels had significantly shorter relapse-free survival (RFS) (P = 0.0140) and overall survival (OS) (P = 0.039) in multivariable analysis. We conclude that SCD1 expression varies by breast cancer subtype and that high levels of SCD1 expression are associated with significantly shorter RFS and OS in multivariable analysis. Future studies are needed to define the role of SCD1 in the malignant phenotype of breast cancer and to evaluate the potential for SCD1 as a therapeutic target.
Introduction
Stearoyl-CoA desaturase 1 (SCD1) is a critical enzyme of fatty acid synthesis that catalyzes the conversion of saturated fatty acids into monounsaturated fatty acids [1] . The ratio of saturated fatty acids to monounsaturated fatty acids is tightly regulated by cells since alterations in this balance can affect cell membrane fluidity and cell signaling [2] . SCD1 is bound to the membrane of the endoplasmic reticulum, where it catalyzes the insertion of a cis-double bond at the D9 position, preferentially converting stearic acid to oleic acid and palmitic acid to palmitoleic acid [3] . Four isoforms of SCD have been described in mice, whereas only two (SCD1 and SCD5) have been described in humans. The ubiquitously expressed SCD1 is the nearest human ortholog of the murine enzymes [4] .
The SCD1 promoter region is bound by a wide array of transcription factors, including SREBP-1 and PPAR-a. In previous work, we and others have shown that expression of SREBP-1 and SCD1 is upregulated by phosphatidylinositol 3-kinase/mammalian target of rapamycin (PI3K/ mTOR) signaling, a pathway known to play an important role in breast cancer pathophysiology [5] [6] [7] . Further, SCD1 transcription is hormonally upregulated by insulin and growth factors, but inhibited by estrogen and leptin [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Multiple studies, demonstrating SCD1 overexpression in lung cancer, esophageal cancer, colorectal cancer, ovarian cancer, and hepatocellular carcinoma [21] [22] [23] [24] [25] [26] , have added to the growing body of evidence implicating SCD1 in the development, maintenance, and progression of cancer [5, 21, 22, [26] [27] [28] [29] [30] .
Stearoyl-CoA desaturase 1 activity has been indirectly measured in the serum of breast cancer patients through the fatty acid saturation index (which determines the ratio of SCD1 substrate to product); a high saturation index (indicating low SCD1 activity) was found to be associated with a decreased risk of breast cancer [31] [32] [33] [34] . However, to our knowledge, SCD1 expression has not been directly measured in primary breast cancers. Moreover, it is not known whether the level of SCD1 expression is associated with specific patient or tumor characteristics. Although we and others have hypothesized that SCD1 may play a key role in the development and maintenance of the malignant phenotype, there are no data indicating that SCD1 expression level is prognostic in patients with cancer. Thus, the purpose of this exploratory study was to measure levels of SCD1 expression in primary breast cancers and to determine the relationship between SCD1 expression and patient survival. We hypothesized that high SCD1 expression would correlate with poor prognosis. We used a reverse-phase protein array platform to measure SCD1 expression level and to determine the relationship among SCD1 expression, clinical-pathologic characteristics, and survival among tumor samples from patients with stage I-III primary breast cancer.
Materials and methods

Patients and samples
This study followed the REMARK guidelines for reporting prognostic studies [35] . The frozen breast cancer set consisted of 250 fine-needle aspirate (FNA) samples from patients with breast cancer undergoing treatment at The University of Texas MD Anderson Cancer Center from 1994 to 2007. Patients with therapy naïve Stage I-III breast cancer were eligible for this prospective tissue collection protocol. Exclusion criteria for this sample set included patients: with inflammatory breast cancer, with distant metastasis at the time of initial diagnosis, with axillary metastasis without an identifiable primary breast tumor, or with concurrent treatment for another primary cancer. In addition, patients were excluded who underwent partial or complete excisional biopsies of their primary breast tumor before initiation of chemotherapy or whose systemic therapy was managed by another institution [36] . Stratification and matching were not used in this study. This laboratory study was approved by the Institutional Review Board of MD Anderson. Complete clinical information was available for all 250 patients in an established prospectively collected database of patients and subsequently verified by retrospective review of each individual medical record. Follow-up time was a minimum of 5 years following diagnosis.
Samples were obtained before patients received any systemic therapy. Most patients received sequential taxane and anthracycline-based chemotherapy followed by endocrine therapy if the tumor was hormone receptor positive, based on the standard of care and treatment selection by the patient's medical oncologist. Biopsy samples were collected, flash frozen, and stored at -70°C before protein extraction. Receptor status was determined from diagnostic core biopsy samples. Immunohistochemistry was used to determine the estrogen receptor (ER) and progesterone receptor (PR) status and both immunohistochemistry and fluorescent in situ hybridization (FISH) were used to determine human epidermal growth factor receptor-2 (HER2) status, as appropriate.
Reverse phase protein array (RPPA) Briefly, tumor FNA samples were lysed with RPPA lysis buffer and then sonicated. Protein quantification was performed by a bicinchoninic acid assay. Lysates were standardized to a 1 lg/lL concentration, serially diluted, and applied to FAST slides (Schleicher & Schuell BioScience, Keene, NH). The slides were then incubated with an antibody against SCD1 (sc-58420), obtained from Santa Cruz Biotechnology (Santa Cruz, CA), and validated for the RPPA platform (data not shown). After secondary antibody application and signal amplification, slides were scanned and quantified to generate spot signal intensities by means of MicroVigene software version 5.0.0.0 (VigeneTech Inc., Carlisle, MA) and then analyzed by the R package SuperCurve (version 1.01) as previously described [37, 38] .
Statistical analysis
All statistical analyses were performed in R version 2.12.0 (R Development Core Team [2010] . R: A language and environment for statistical computing [R Foundation for Statistical Computing, Vienna, Austria]. http://www.r-project.org). Box plots, means, and standard deviations were generated for SCD1 expression levels categorized by tumor subtypes. Linear regression modeling was used to determine whether the mean SCD1 expression level significantly differed among breast cancer subtypes. Our survival analysis examined two endpoints, 5-year overall survival (OS) and 5-year relapse-free survival (RFS). Both survival times and relapse times were computed as months from diagnosis to death and relapse, respectively. As the martingale residual plots of SCD1 expression by breast cancer subtype suggested a non-linear relationship between SCD1 expression level and survival, we applied a binary decision tree with logistic regression modeling to divide SCD1 expression into high ([0) and low (B0) categories. After separating samples into these two categories, we compared the patient demographic and clinical characteristics by v 2 analysis. We estimated RFS and OS durations non-parametrically by Kaplan-Meier curves by SCD1 expression level and breast cancer subtype. Log-rank tests were conducted to compare survival (RFS and OS) between patients with high ([0) SCD1 expression versus low (B0) SCD1 expression within the entire cohort and also within each tumor subtype. Combining univariable analyses (P value \ 0.2) and exploratory decision tree analysis, we selected potential covariates of clinical-pathologic characteristics that induced significant differences in the survival endpoints for inclusion in the multivariable analysis. For multivariable survival analysis, we performed a Cox Proportional Hazards Model adjusting for patient age at diagnosis, tumor subtype, tumor grade, and clinical stage. As measured by RPPA, SCD1 expression level (high vs. low) in FNA samples from primary breast cancers was assessed for association with the corresponding demographics of our patient cohort and the clinical characteristics of our samples (Table 1) . Patients older than 50 years had higher levels of SCD1 expression than patients younger than 50 (P = 0.0061). Furthermore, SCD1 expression differed significantly among breast cancer subtypes (P = 0.0008): FNA samples from HER2? or hormone receptor-positive (HR?, estrogen and/or progesterone positive) primary breast cancers had higher SCD1 expression levels than those from triple-negative (TN) primary breast cancers (Fig. 1) . We did not find an association between the level of SCD1 expression measured in the primary breast tumor and patient ethnicity, menopausal status, clinical stage of tumor, or tumor grade. In addition, we did not find an association between the level of SCD1 expression and BMI or between the level of SCD1 expression and diabetes mellitus status (data not shown). Overall, we determined that SCD1 expression level was higher in breast cancers from patients older than 50 years and in HER2? and HR? breast cancers.
High SCD1 expression was associated with shorter survival
For all patients, the estimated 5-year RFS rate was 67.2 % (95 % CI 60.5-74.6 %). However, our univariable analysis determined that the 5-year RFS was significantly lower (61.2 %; 95 % CI 52.5-71.4 %) among patients with cancers expressing high levels of SCD1 than the RFS among patients with cancers expressing low SCD1 levels (79.1 %; 95 % CI 70.1-89.3 %), (P = 0.036), as shown in Fig. 2 . The estimated hazard ratio of RFS for patients with cancers expressing high levels of SCD1 compared with low levels was 1.802 (95 % CI 1.033-3.142, P = 0.038). We did not find statistically significant differences in RFS within each breast cancer subtype by SCD1 level (high vs. low). For all patients, the estimated 5-year OS rate was 79 %. Although a trend was noted toward shorter 5-year OS for patients with tumors expressing high levels of SCD1, our univariable analysis found no significant differences between patients with tumors having high SCD1 expression and patients with tumors having low SCD1 expression (P = 0.13).
The multivariable analysis indicated that after adjusting for patient age at diagnosis and for tumor subtype, grade, and clinical stage (Table 2) , high SCD1 expression was associated with lower RFS (P = 0.014) and OS [Hazard ratio (95 % CI) = 2.092 (1.166-3.754), P = 0.039]. Not surprisingly, a more advanced clinical stage at the time of diagnosis correlated with significantly lower RFS and OS (P \ 0.001 for both). Similarly, OS estimated for patients with TN breast cancers was significantly lower than that estimated for HR-positive breast cancers [HR (95 % CI) = 2.410 (1.171-4.959), P = 0.017]. Taken as a whole, high SCD1 expression in FNAs from primary breast cancers was associated with shorter RFS in univariable and multivariable analyses and shorter OS by multivariable analysis.
Discussion
In this study, we found that SCD1 expression in FNA samples of primary breast cancers varied by breast cancer Fig. 1 Box plot of SCD1 expression by breast cancer subtype demonstrating that HER2? and HR? primary breast cancers had higher SCD1 expression than TN primary breast cancers. The median for each subtype is indicated by the heavy line within each box. The first and third quartiles are represented by the upper and lower edges of each box, respectively. The circle icons represent the extreme values, which are potential outliers. The dashed line includes the most extreme data points, which are no more than 1.5 times the interquartile range from the box. HER2 human epidermal growth factor receptor-2, HR hormone receptor (estrogen and/or progesterone), TN triple-negative (estrogen, progesterone, and HER2 negative) subtype and patient age. Although several studies previously reported that estrogen negatively regulates SCD1 [16] [17] [18] , we observed the highest SCD1 levels in HR? breast tumors. This finding is paradoxical since ER? tumors tend to have the best prognosis with current treatment yet had the highest SCD1 expression levels in this cohort. We also observed higher SCD1 levels in older ([50 years) patients, possibly owing to the higher frequency of HR? tumors in older patients.
Although high SCD1 levels were associated with shorter OS and RFS in our cohort, SCD1 expression levels were lower in TN cancers. This finding is unexpected since TN Fig. 2 Kaplan-Meier curves demonstrating that 5-year RFS was significantly lower in tumors with low SCD1 expression and in TN tumors; HER2 human epidermal growth factor receptor-2-positive, HR hormone receptor (estrogen and/ or progesterone receptor), TN triple-negative (estrogen, progesterone, and HER2 negative) breast cancer is typically associated with a worse prognosis than other tumor subtypes, and indeed, in our study set, the TN subtype was independently associated with a worse prognosis. The lower SCD1 levels noted in TN tumors are also interesting since PI3K/AKT signaling, activated in TN breast cancers owing to loss of PTEN and INPP4B, is an important regulator of SREBP1 expression [7, 39] . As SCD1 maintains the balance between saturated fatty acids and monounsaturated fatty acids and prevents the toxic intracellular accumulation of saturated fatty acids [1, 2] , our findings suggest that the signaling mechanism allowing TN breast cancers to survive lipotoxic stress could be independent of SCD1 and its downstream effects. A recent study did not demonstrate antitumor effects resulting from SCD1 knockdown in the TN breast cancer cell line MDA-MB-468 [28] , thus supporting the theory that TN breast cancers may use other mechanisms to tolerate the lipotoxic consequences of SCD1 knockdown and possibly lower SCD1 expression levels.
However, in our previous work, we demonstrated that overexpression of SCD1 in the TN breast cancer cell line MDA-MB-231 enhanced growth and SCD1 knockdown in the TN breast cancer cell line MDA-MB-468 decreased growth, suggesting that SCD1 is indeed important in regulating growth in TN breast cancers [5] . SCD1 knockdown in the HR? breast cancer cell line MCF7 and the HER2? breast cancer cell line BT474 also inhibited growth, indicating that SCD1 plays an important role in regulating growth in all three breast cancer subtypes. In this current study, we noted a trend toward worse RFS and OS with high SCD1 expression in all three subtypes, consistent with our previous in vitro findings in which decreased SCD1 expression inhibited growth in HR?, HER2?, and TN breast cancer cell lines [5] .
Stearoyl-CoA desaturase 1 overexpression has been associated with a malignant phenotype in several models [21, 27, 40] . However, no study has yet demonstrated that SCD1 overexpression definitively triggers or sustains a malignant phenotype. Even still, considerable evidence for an association between SCD1 overexpression and neoplastic behavior supports our findings that high SCD1 expression in primary breast cancers is independently associated with shorter survival in breast cancer. Although our study is novel in its assessment of SCD1 expression in primary breast tumors, our data are consistent with those of another group that investigated the prognostic significance of fatty acids in breast cancer and found that low stearic acid levels in patients with primary breast tumors were associated with metastasis, relapse, and death [41] . Our results add to the accumulating evidence favoring SCD1 as an essential contributor to the malignant phenotype. However, one limitation of our study is that we compared SCD1 expression across tumor subtypes, but did not compare SCD1 expression in the tumor with expression in normal breast epithelium. Thus, our experimental design did not allow us to determine whether SCD1 is overexpressed in breast cancer.
The association of SCD1 with obesity, metabolic syndrome, and type 2 diabetes mellitus suggests that therapies for these diseases may also be applicable to breast cancer. For example, inhibiting SCD1 in mice decreases body fat and prevents obesity [42, 43] , thus current research is targeting SCD1 for treatment of obesity and metabolic syndrome. Toward this end, several groups recently identified inhibitors for SCD1 enzyme activity [42] [43] [44] [45] [46] . These inhibitors could also be pursued as novel therapies for breast cancer. However, it is important to note that we did not find any association between SCD1 expression in primary breast cancers and BMI or diabetes mellitus status. As patients with diabetes mellitus in our study were on insulin and/or oral anti-hyperglycemic agents, further clinical studies are needed to determine whether drugs for treating obesity, metabolic syndrome, and diabetes mellitus may have any benefit for patients with primary breast cancer and whether baseline SCD1 expression in the primary tumor correlates with clinical benefit from these agents.
Taken together with our previous work demonstrating that siRNA knockdown of SCD1 inhibited cell growth in breast cancer cells, our cumulative data suggest that SCD1 is critical for malignant progression and has potential as a therapeutic target. However, as we found SCD1 expression to be significantly lower in TN breast cancers, the utility of SCD1 as a target may be limited to HR? and HER2? breast cancers. In light of this study's findings and recent studies demonstrating that SCD1 inhibitors diminish tumor growth in a model of prostate cancer and reduce cell proliferation in prostate and lung cancer cells [29, 30] , investigating the effect of SCD1 inhibitors in breast cancer is a crucial next step that has the potential to improve survival in patients with breast cancers having high SCD1 expression, such as HR? and HER2? breast cancer.
